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Section 3 of this report describes the development of a new 

technique in which excitation by ultraviolet light is used to photoinject 

carriers into the insulator, and surface charging by corona ions is used 

to provide the electric field required for transport. The use of corona 

charging eliminates the need for P  metallic field plate, and the use of UV 

light for photoinjecting carriers provides a degree of freedom not 

present in the original corona method. New results obtained by use of the 

combined UV-corona method are also presented. 

Interface states are of great concern in MIS structures, and we 

have found previously that interface states are generated in the Si/SiO 
22 

system upon exposure to a sufficiently high field.   If the high field is 

applied at liquid nitrogen temperature and then removed, the interface 

states do not appear until the sample is warmed. An exploration of this 

phenomenon, and of the information that can be derived from it, is given 

in Section 4 of this report. 

The catastrophic breakdown of an insulator is preceded by an 

instability which develops on a time scale that under some circumstances 

is very fast and under other circunstances can be very slow.  Some recent 

work, on this instability is described in Section 5. 

Lateral nonuniformities, such as ion aggregations and localized 

faults, can severely affect the performance of devices based on the MIS 

structure, and it is important to be able to Identify and characterize 

any nonuniformities that may be present.  In Section 6 of this report we 

describe the development of techniques for using the scanning electron 

microscope in the study of lateral nonuniformities, and we summarize some 

of the more important results that have been obtained on the Si-SiO 

system by this means. 
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2.. FURTHER CORONA-CHARGING STUDIES OF SILICON DIOXIDE 

(H. S. Lee collaborating) 

2.1. Introduction 

We have previously reported on the development of corona- 

charging techniques for the study of high-field phenomena in thin 

insulating films, including the high-field injection of charge carriers 

and the transport and trapping of the carriers, and we have described 

results obtained by the use of these techniques on thermally grown 

silicon dioxide.5'10'20'21 The use of a corona discharge in a gas at 

atmospheric pressure to contact the unmetallized surface of an insulating 

film provides a powerful and convenient means for studying high-field 

processes, for the virtual absence of lateral surface conduction allows 

the us. >f very high field intensities - tantamount to breakdown - without 

destruction of the films. 

Here we present the results of further corona studies of the Si-SiO 

system, including (a) the observation and interpretation of positive 

charging in the oxide when the surface is charged positively to fields 

greater than about 7.5 x IG6 V/cm, and (b) the determination of a threshold 

field for the generation of electron traps in the oxide when the surface 

is charged negatively. 

2-2- Positive Oxide Charging Under Positive Corona Charging 

We have previously shown that when tfie surface of a thin, 

thermally grown film of Si02 is charged to a dufficiently high positive 

potential, a current flows which is due to the Fowler-Nordheim tunneling 

of electrons from the conduction band of the silicon into the conduction 

band of the oxide with subsequent transport to the front surface.5*20,21 

This mechanism has previously been proposed by Lenzingler and Snow24 and 

by Williams and Woods. 5 Since the charge injection is by tunneling, the 

observed currents are a very strong function of the electric field. In a 

good film of silicon dioxide thermally grown on a silicon substrate, the 

,-?.!'!' in n»»»^ 



electron tunneling current is of the order of 10"11 A/cm2 at a field of 

5.6 x 10 V/cm and of the order of lo"7 A/cm2 at a field of 6.5 x 106 V/cm.3,4 

Charge trapping in the oxide is negligible under these conditions. 

More recently we have found that at oxide fields of + 7-8 x 106 V/cm 

(the + sign referring to the polarity of the surface), a positive charge 

builds up within the oxide. The presence of this charge increases the 

magnitude of the electric field at the Si-Si02 interface and thus acts 

to enhance the electron tunneling. Consequently, the charge buildup is 

important to both the current-voltage characteristics and the breakdown 

properties of the structure, and deserves close consideration. 

Our experiments were performed on HCl-steam-grown oxides on 

1-2 ohm-cm (100) silicon substrates. Both n-type and p-type substrates 

were used. A typical result is shown by the C-V curves of Fig. 21, which 
O 

were obtained with a sample having a 2500 A oxide grown on a p-type sub- 

strate. Curve 1 of that figure is the high-frequency (1 MHz) C-V character- 

istic of the sample in its original condition.  In order to check for 

possible sodium contamination, the surface of the sample was charged 

positively to an oxide field of approximately 6 x 106 V/cm, placed in a 

vacuum chanber which was then pumped down to lO"6 toi-r, and was heated to 

1500C for 15 min. This treatment should drive any sodium to the Si-SiO 

interface, where its effect would show up as a negative shift of the C-V 

curve. To make sure that the drift field remained during the anneal, the 

surface potential was measured after the anneal, and showed an electric 

field remaining of approximately 5 x 106 V/cm.  The result of the foregoing 

bias-temperature stress is shown by Curve 2 of Fig. 2.1. The effect is 

seen to be very small, indicating that ionic contamination was not an 

important factor in the final results. 

The principal experiment was then performed. Positive corona In 

a helium atmosphere was used to produce an initial oxide field of approx- 

imately 7.5 x 10 V/cm. The corresponding current density was 0.87 x 

10  A/cm , and the intensity of the corona was regulated to keep the 

current constant at this value. At intervals the corona charging was 

interrupted briefly and a C-V curve was taken to provide a measure of the 
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charge stored In Che ccide. The reeults after charging U-. of 3. 0 

and 100 «in. are ahown hy Curves 3. 4. end 5. respectively, of Fig. 2.1. 

The storage of positive charge In the oxide Is shown hy the left^ar 

shift of the C-V corves.  It shonld be e^haslzed that no such shl.t wss 
shltt or tne ._,.,_  , . in6 V/cm.  In addition to 
found at fields smaller than approximately  7 x 10 

the lateral shift. Curves 3. 4. and 5 of Fig. 2.1 show some stretcn-out 

„hlch .ss Identified hy G-V measurenents^to be the result of Interface 

states, not of Isteral nonunlformltles. ,  , .. r v 

In „ualltatlve correspondence to the leftward shift of the C-V 

curves, the maintenance of a constant value of corona-Induced current 

rculred a progressive reduction In the Intensity of the corona  A 

correlation of this reduction with the leftward C-V shift was not at temp ed 

hecause of the difficulty In MUng a sufficiently aocurate measurement of 

the surfece potential, for at these large currents the '«^^^ 

drops tepidly when the corone Is reeved, and a sub.e<1uent .Celvln-probe 

„casurement yields a result that Is somewhat too low. 

m order to determine the effect. If eny. of the front surfece 

conditions and of the type of substrate, the experiment described above 

„as perfonmsd on fresh samples es follows: 
i4 ^    \ 

2500 A S102 on p-type substrate: 

Positive corona charging In nitrogen atmosphere. 
Positive corona charging In helium "mosphere 
Positive voltage applied to aluminum field plate. 

2500 A SIC, on n-type substrate: 

Positive corona charging In nitrogen atmosphere. 

3500 A SIC, on p-type substrate: 

Positive corona charging In nitrogen atmosphere. 

Positive corona charging In dry air. 

, * A <n via    1 1 in  terms of the effective density of 
The results are plotted In Flg. tU  in texim. 

M* -w would be required to produce the observed 
trapped positive charges, N , that would be „equir 

mmmm 
- ■.-- 
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C-V shift if all of the charges were trapped at the Si-Si02 interface. 

This density was computed from the voltage shift of the C-V curves at the 

point where the Ferrai level in the substrate was at silicon midgap 

rather than at the flatband point, as there is some evidence that midgap 
22 

is the position at which the interface states are neutral.   It is seen 

that essentially identical results are obtained with all gases and also 

with an aluminum field plate, indicating that the condition of the front 

surfacf. is not a determining factor. The nunfcer of trapped charges below 

the saturation value is seen to vary approximately linearly with time, and 

the saturation is remarkably abrupt. 

The positive oxide charge could be annealed out essentially 

completely by heating the sample in vacuum at 100"C for 30 mln. The 

charge was stable for this amount of time at room temperature. The 

annealing of the samples with field plates was carried out with the field 

plates short circuited to the substrate. Before annealing the bare samples, 

the surface charge remaining from the positive corona charging was first 

neutralized by exposure to negative corona until the surface potential had 

been reduced to between zero and -1 V. This resulted in no apparent 

change in charge storage. The samples were then annealed in vacuum as 

indicated above. 

The positive charge stored in the samples with metal field plates 

could be ro^uced appreciably, by 2-6 V, by holding the gate voltage at 

160-170 v tor one hour.  These gate voltages are 20-30 volts lower than the 

values which cause positive oxide charging, but are large enough to cuase 

a continued electron injection from the substrate into the insulator. 

From the fact that the positive trapped oxide charge can be; electronically 

bleached in this manner, as well aa from the low temperatures required 

for thermal annealing, we conclude that the positive trapped charge was 

that of holes, not of positive Ions. 

The origin of the trapped holes is of great interest. The lack 

of front-surface dependence shown In Fig. 2.2 argues strongly against 

hole injection from this surface. A more likely source of the holes is 
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impact lonization within the bulk of the S10 caused by a few of the 

transiting electrons which attain sufficiently large kinetic energies 

(> 9 eV) In the high electric field to create hole-electron pairs. 

Calculation shows that In the linear portion of Fig. 2.2, the ratio of 

trapped holes to total Injected electrons Is approximately 4 x 10  . 

The interpretation In terms of impact lonization is identical with the 

explanation given by Yang, Johnson, and Lampert  for a slow instability, 

leading to breakdown, that has been observed in MIS structures under 

high field conditions, and is the mechanism proposed by DiStefano and 
26 

Shatzkes  for dielectric breakdown. The corona-charging technique 

permits the study of this phenomenon under controlled, nondestructive 

conditions. 

The lack of dependence on thickness and the abrupt saturation 

shown in Fig. 2.2 deserve further attention. When penetrating radiation 

is used to produce hole-electron pairs in the insulator of an MIS 

structure, the number of generated holes is equal to the number of generated 

electrons and is directly proportional to the thickness of the insulator. 

Our conditions here, however, are somewhat different, for the nunfcer of 

electrons in our experiment far exceeds the nunber of holes. A possible 

explanation is that the flux of holes arriving at the Si-Si02 interface 

under the conditions of our experiment is recombination-limited, so that 

the holes produced far from the interface are recombined and do not reach 
23 

the hole traps at the interface.   The sharp saturation shown in Fig. 2.2 

is extremely interesting, but we have no adequate model to offer for this 

at the present tiua. 

2.3. High-Field Generation of Electron Traps in Silicon Dioxide 

We have previously reported the observation that a positive 

stored charge appears in thermally grown silicon dioxide when the surface 

of the oxide is charged with negative corona ions to an oxide field greater 
7     20 21 

than (1.1 +0.1) x 10 V/cm.  '   The positive charge appears to be that 
— 20 i 

of trapped holes, and it has been suggested  that the source of the holes 

is the silicon substrate. 

IWIMIIIWIIIlirMIBWllllW^^ 



More recently, we have reported on the discovery that negative 

corona charging to a sufficiently high field has the additional effect 

of generatin^substantial concentrations of electron traps wlthi. the 
oxide.  •      ^e „^^ of the electric fieid ^^^^ for generation 

of the electron traps is of considerable interest, and we give here the 

results of experiments designed to determine the threshold.  The technique 

used for this determination was as follows:  The surface of the sample 

was first charged with negative corona ions to produce a given electric 

field in the oxide.  To determine whether electron traps had been generated 

by tnis process, electrons were tunnel-injected from the substrate into 

the oxide by charging the surface with positive ions. The objectives of 

the electron injection were (a) to neutralize any trapped holes, whose 

Presence would tend to obscure the trapping of electrons, and 0,) to 

fill any electron traps that might be present. The  electric field in the 

oxide during the electron injection was kept below 7 x 106 V/cm to avoid 

positive charge buildup from this source (Sec. 1.2). A high-frequency 

(1 MHz) C-V curve was then taken to detect any charge storage in the oxide. 

The sequence of experiments was then repeated, starting with negative 

surface charging at a larger field than before 

Figure 2.3 shows the results obtained from a typical series of 

steps as described above.  The sample had a p^type silicon substr^a with 

(100) orientation and a resistivity of 10 ohzr-cm. The oxide film was 

grown in dry oxygen to a thickness of 1750 I    The corona charging of the 

sample was carried out in an atmosphere of dry air. Curve 1 of Fig 2 3 

is the original C-V characteristic of the sample. Curve 2 shows the 

relatively small effect produced by a 15-min injection of electrons from 

the substrate into the oxide, using positive corona charging at an 

insulator field of 6.6 x 106 V/cm in the manner described in the preceding 

Paragraph. Curve 3 obtained after negative corona charging for 5 min at 

a field of -9.4 x 10 V/cm. is also relatively unchanged from the original. 
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be neglected and the surface potential will remain constant in the dark. 

When light with a photon energy smaller than the band gap of the insulator 

is incident on the sample, the surface potential can decrease through either 

of two processes: 

(I)  Electrons may be emitted into the insulator from the substrate 

and drift to the front surface where they neutralize the surface 

charge. 

(II)  The photons may excite electrons from the valence band of the 

insulator to the surface states at the front surface, leaving 

holes in the valence band which may thereupon drift toward the 

substrate. 

Optical interference techniques can be used to determine which of the 

foregoing charge neutralization processes, (I) or (II). is the dominant one. 

3.2. Analysis of the Optical Interference Technique 

If charge-carrier trapping and recombination in the insulator can 

be neglected, the change in surface potential^, can be written as 

\Lys\/c± -  IQJ + 1Q8 
(3.1) 

where C is the insulator capacitance, Qi is the charge injected at the 

substrate-insulator interface (Process 1 of the preceding section), and 

Q is the injection of charge at the surface (Process II of the preceding 

section). The magnitudesof Qi and Q8 are respectively given by 

;, ;..  ■ ' - ■ 

Q I - q A (hv) T(hv) F (3-2) 

Q I - q A (hv) R(hv) F (3-3) 
x8 '       S 

where q is the magnitude of the electronic charge. F is the fluence of he 

incident «mochromatic light, A(hv) is the quantum yield for a photon with 

energy hv, T(hv) is the transmittance of the light into the substrate, 

and R(hv) is defined as 

2 

RChv) 
E 

E 
o 
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where Eo and E~ are the amplitudes of the incident and reflected waves, 

respectively. For the internal photoemission of electrons from a metal 

or semiconductor into an insulator, 

Ai(hv) - B(hv - 4, )P 

where B is a constant. ^ is the barrier height, and p is a constant which 

depends on the substrate.    '39,^0 

The functional form of A (hv) is not known. However, it is 

reasonable to assume that it is a monotonically increasing function of 

hv.  R and T are oscillatory functions of hv as shown in Fig. 3.1.  The 

maxima (minima) points of R and T occur for nearly the same photon energy, 

but the amplitudes of oscillation of R and T are quite different.  Hence 

R/T and T/R will oscillate with quite large amplitudes as shown in Fig. 

3.2.  The location of the maxima (minima) points of T/R and R'T depend on 

the refractive indices of the substrate and Insulator and the thickness 

of the insulator. By choosing a proper insulator thickness, ue can turn- 

several maxima (minima) located in the range of the photon energy which 

we are interested. The maxima of R/T and T/R are much larger than unity; 

the minima of R/T and T/R are much smaller than unity. 

The effect of R/T on the lAVj/qCjTF and [AVj/q^RF vs. hv plots 

can be seen more clearly if we rewrite Eq. (3.1) as 

IAIL |       f   nAfhv)! 

ic^F-Ai(hv)[1+fÄ7(hvTj (3.4) 

or alternatively as 

AV
0 I r-r A, (hv) s FT 

Ai(hv)      1 
Vh^ RÄlwr + 1 o..; qC^RF        s' 

In the following, we will discuss how to use the oscillating 

property of R/T and T/R to find the contribution of each process to the 

photocurrent from the   [AVj/q^TF vs.  hv plot and/or the   JAV  |/qC RF vs, 

hv plot. 
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We will discuss three different situations separately. 

(A) If ^e (lAVj/q^TF)1^ vs. hv plot l8 a 8tral8ht llne ^ 

From Eq. (3.4), this can be true If and only if I ^^   c< 1 

for all hv.  Since (R/T)^ can be quite large. AJhv) shSlT 

be much smaller than A^hv); i.e., the hole photocurrent is negligible. 

(B) If the l^l/q^Rt .s. hv plot is a simple nonotonic function of hv 

without any structure of T/R. 

From Eq. (3.5), this can be true if and only If 1 ^!i « l 

for all hv.  Since (T/R)^ can be very large, A^hv/shgiube 

much smaller than A^hv) ; i.e., the electron photocurrent is negligible. 

(O UjheJj^^TJ^l^s.  hv plot has the structure of R/T and the 

CUVsi/q^RT) P vs. hv plot has the structure of T/R. 

Assume that this insulator-on-semiconductor structure has R/T 

and T/R as shown in Fig 3.2. Figures 3.3 and 3.4 show the computer 

Plots of (lAVj/qC^^.and ( | AV8 j/q^RF)
1/3 as determined for the 

functions A^hv) and As(hv) shown by the dashed curves, m the following 

we will discuss how to determine A^hv) r.nd A8(hv). We shall denote 

by Ai
,(hv) and As'(hv) the approxlroatious to A^hv) and A (hv) which 

are calculated by our proposed method. 

First we have to determine whether A1 is larger or smaller than 

Aa. The ratio of A^ can be estimated as follows. Points A, B, C, 

D in Fig. 3.3 are the values of (|&V8 j/q^TF)
173 at photon energies 

which corresponds to the minima of R/T. A least-squares fit of these 

points, f(hv), can be found.  Point G corresponds to a maximum of 

R/T. Then 

^V^Ai[^(T    B
2  T    c j^J 



/3 

12 

12 // 

^ 
^ 
3 10 
Uj 

9 
K 
^ 

si i 
'V 

7 
•§ 

6 
-4 
ttl 

5 

^ 
^ 4 
K 
^ 
^ 3 
^ 

€ 2 

1 T 1 1 r 

- 

- 

3 4 5 6 7 
PNOTON   ENERGY   (eV) 

1/3 Fig. 3.3.    Conputer plot of C|AVa|/qCtTP)        v». hv for 

an inaulator-on-aemlconductor structure with 
.   R/T as shown In Fig. 3.2   and A^, A   aa shown 

here.    A' and A' are calculated from this 
1/9 (|AV 1/qC.TF)        vs. hv curve by our proposed 

nethod. 



Hence 

fs a. . VJl Ü..-.^ -..-..- -  ■■ 
A, 

(\L\\\ 
UC,TF/G " f(hvG) 

i '    f(hvG)   - |[f(hvG)  + f(hvc)l ^hvG) 
A A s s 

In the following,  the cases with 7— <  1 and -7- < 1 will be Ai        A1 
discussed separately. 

A 
(D /< 1. 

Ai 

Since the minima of R/T are much smaller than unity, we can 

neglect the £-r5" term in Eq. (3.4) for photon energies which 

correspond   to the minima of R/T. Hence grjf " ^ for light with 

these energies. A least-squares fit of these points (A, B, C. D, in 

Fig. 3.3) gives A^.  From A^, ^-^r, and ^ we can find A^.  As 

shown in Fig. 3.3, A^ and kj  are ver 

A«- s 

very good approximations to A and 

A 

(11) T5- > i- A 
1 

Since the minima of T/R are much smaller than unity, we can 

neglect -— term in Eq. (3.5) for photon energies which correspond 

to the minima of T/R. Hence ^-|^ - A8 for light with these energies. 

A least-squares fit of these points (A, B, C, D, E in Fig. 3.4) 
I &V  I T 

gives A^ . From A^, ^-—Jr , and - we can find A^ . As shown in 

Fig. 3.4, A' and A ' are very good approximations to k^  and A8. 

It should be noted that the contribution of hole (electron) 

injection to AV may be neglected if (1) hole (electron) injection is 

small compared with electron (hole) injection or (2) holes (electrons) 

reconfcine in a short distance. 

When trapping in the insulator is important, the interpretation 

of the experimenta will be very difficult if both electron and hole 

injection are significant.  If electron injection from the substrate is 
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Flg. 3.4.  [|AV8|/qC1RF]
i"' vs. hv plot for an Insulator-on- 

semlconductor structure with T/R as shown In Flg. 
3.2 and A,, A as shown here. A! and A1 are calcu- 
lated from this [|AV8|/qC1RF]

1/31vs. hv8curve by 
our proposed method. 
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Positive corona in dry tir or N2 was used to charge the surface 

to the desired potential.  The maximum potentials used in this study 

correspond to oxide fields of 1.6 x 106 V/cm.  After the corona was shut 

off, the chamber was pumped down to 10~ torr.  If the sample was kept in 

the dark, no change in surface potential was found after 24 hrs.  The 

output of a Bausch and Lomb monochrometer was used to discharge the surface 

potential to V8 - ^B(init±al)   -  2 volts.  After that, the chamber was 

filled with dry air or N2 again and pos tive corona was used to charge the 

sample to its initial potential.  The same process was repeated over a 

ran^ of photon energies. 

No flat-band voltage shift for the N2 sample was found; hence 

there was no charge trapping in this sample.  If we discharged the DN1 and 

DPI sample repeatedly with light of the same photon «nergy, the discharge 

rate did not change.  Hence there was no charge trapping in these samples. 

Figure 3.5 showf the JAVj/q^TF vs. photon-clergy plot for the 

DPI sample.  Since the structure of R/T does not appear in the curves, the 

results suggest that the hole emission from the front surface may be 

neglected. Hence the quantum yield for electron emission from Si into S10 
2 

for this sample is 

ATI 

Quantum Yield = 4*^ (3.8) 

The intercepts on the bv axis correspond to the Sl-SiO barrier energy 

measured from the Si valence band for the particular value of oxide field. 

The change of barrier height with respect to field is consistent with 

Schottky lowering of the barrier if a dielectric constant equal to the 

optical value of 2.1 is u«ed.  The zero-field barrier energy is 4.3 eV. 

Those results agree with those obtained on MOS structures by other workers.27"35 

The experimental results obtained on an N2 sample showed the 

same charrcteristics. 

There is additional evidence which shows that electron injection 

from Si into SiO- is the dominant process: 
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(1) The surface discharjj?. is gas independent.  If the injection of holes 

from the front surface were to contribute to the nhotocurrent, it would 

be expected that the characteristics of the surface discharge would depend 

on fhe species of ions on the front surface. However, the results shown 

in Fig. 3.6 do not show an ion dependence for the two gases used. 

(2) Injection of electrons into the SiO can take place from both the 

valence and conduction bands of the silicon.  Evidence for this is s >wn 

in Fig. 3.7.  For all three samples, extrapolation of (Quantum Yield) 

to zero shows an effective barrier height of 3.95 eV, which corresponds 

to the Schottky-lowered barrier from the silicon valence band to the oxide 

conduction band.  The n-degenerate sanple, DN1, shows a tail of injection 

at lower photon energies which, when plotted as in the inset of Fig. 3.7, 

indicates a barrier of approximately 2.9 eV. The difference between the 

two barriers corresponds to the band gap of silicon. 

3.4.  Summary 

We propose here a new technique tor studying charge-carrier 

injection and transport in thin insulating films. The technique uses 

internal photoinjection to provide the charge carriers and utilizes ions 

extracted from a corona discharge to chatge the surface of the insulator 

and thus create the electric field required for transport.  This nethod 

retains the principal advantage of t'ie cttona-chargiug technique, namely 

that high fields can be impressed on the insulator without danger of 

destructive breakdown. Also, the corona technique eliminates the need for 

a metal field plate and avoids the possible photoinjection that can take 

place from such a metallic overlay.  The use of optical excitation to 

provide the carriers eliminates the dependence on high-field emission that 

was inherent in the original coroua technique and thus introduces an 

additional degree of freedom ir.to the experimtntation.  The origin and 

sign of the carriers can be analyzed by optical interference techniques. 

We have verified the practicability of the method in preliminary 

experiments on the Si-Si02 system. With positive corona charging of the 
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surface we observe electron photoinjection from the substrate Into the 

oxide. The electron injection is principally from the valence band of 

the silicon at sufficiently large photon energies, but we can also observe 

electron injection from the silicon conduction band. 

We plan to use the combined corona-photoemission technique in 

further studies of thin insulating films and of the properties of their 

interfaces with semiconducting substrates. 
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4.  STUDY OF THE INTERFACE STATES^GENERATF.n RY HIGH FIELDS IN THE Sl-Si09 

SYSTEM .  , 
 (J. J. Cleiwnt and C. Jenq collaborating) 

4.1.  Introduction 

Yang9 found that an MOS capacitor biased to a high field 

C. 7.5 x 106 V/cm) with the field plate positive at low temperature 

(. 100oK) for several minutes showed a parallel C-V shift in the negative- 

voltage direction. He attributed this shift to holes which were generated 

by impact ionization and then captured by hole traps in the SKy 

Chang22 studied this problem further and concluded that the 

parallism of the C-V shift provided evidence that no interface states had 

been generated in the course of the high-field treatment at low temperature. 

After the sample was warned, however, the rooB.temperature C-V^urve showed 

a stretch-out. Chang was able to apply his diagnostic methods  to 3how that 

the stretch-out was not caused by lateral nonuniformities in charge storage, 

as had been at first conjectured, but was due instead to interface states 

that had made their appearance during the warm-up process. He also found 

that if he assumed no redistribution of the trapped charges in the SiO,, 

during the warm-up process, the charge-neutral level of the interface states 

lay close to the midgap. 
In the remainder of this section we report on results that we 

have recently obtained in a further investigation of this problem. 

4.2. Experimental Procedures 
,.„„„ f\nn\   «-niron with 1-2 ü-cm  resistivity. The samples were n-type, (lüu; silicon wxv.a x *.   > 

having an HCl-steam grown oxide with a thickness of about 2500A. T^e Al gate 

was about lOOol in thickness, which permitted the breakdown^of the oxide 

to be self-quenched by local evaporation of the Al gate. 

The procedures of the experiment were: 

(1) The room temperature C-V curves of the sample was taken. Th. sample 

was then cooled to 91^. and the C-V curve was again taken. 

(2) The sample was then biased gradually to the voltage that caused current 

„ultiplication to take place. This bias was held for a sufficient time to 

cause positive charging of the sa^le. typically 15 min. 
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(3) The bias was reraoved and . c_v ^^ wa8 ^^ 

(4) Th. sample was warmed up to ^^ 

«-. ^r::::rr::::c:: :::T; both high-f~y -— —ure. 0„e ..t uas taken tn
o h ri t „:r:hv:r -,— 

"HiC ulll be called  ..llght.a88l8ted„ c_v Jll*11 "/"=•    The oth.t.. 

»• - -... 8ata TOlta8e „a8 tha„tt::~::ro--c_ 
4-3,   JResults 
<A) fia!SäUÄsa_oLu!aJHHi^a s^,^ 

Figure A.X „hows the roo^te^pereture end the 91°K r V 
a ee.ple „hich ua8 subJacted «« «• « « C-V curvee of 

in the ptecedln« section.  Cnrve 1 u  th  „o Pr°CedU,:e8 """^^ 
and Cnrve 2 Is the 91 "K C V oh      ,   "***»***„„  C-V char.oterlstlc, 

tteet^nt.  Cnrve 3 s the 9" T"    ' T ^ ^  " ^^ 
had been hissed „1th the Lid f !      "   '-adlstely sfter the ss^pie 

icn the field Plate positive at Ifisv f«^ i^ ^ 
la the roo. te.perature C-V characteristic 1   ! '  '"^ * 
UP dn about 90 Mn)  with  'haraCterl8tlC after thG «^i« had been wanned 

mn; with the gate biased at -12 5V  r.    * ■*. 
Parsnel shtft of shont -2.5V lro„ Cnrve 2  „L , ,     ' 8h0WS * 

-ared to Cnrve 1. .dlostln. the preseno'e ^^"^ ^ " 

-8ap is os":::::1::::„".r: poin:rr: - •*-—- -— 
between Corves 1 end 4 is -2 ' 5 v^whl h ^ '^ ^^ " ^ ""^*™ 
-2.5 V st 911  a..    ,      "      8 '"«^ly close to the shift of 
'•o v st 91 K.  Observetlons snch ss this led rh.„.22 . 

nentrs! ievel of the lnterf.ce stetes lies T CO"ClUde "■" Ch' 
condnslon. however should h ' " ^ »**'*  ""•»' ™e , nowever, should be scrutinized cerefnllv in M,. ,. u 
evidence, described In Pert C of Z . "^ U ^  "Sht of recent 

Part C of this section, which Indictee thst Interfece 
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states of the acceptor tvte ronMn,,* .- u 
Ftor type continue to be generated within the sample for 

. «!«„. to be «.. be8t avaUable mmn of the ^^^ 

-ni-.. ehe dlst„rtlng .„.et. of contlnued lnterface.8cate ganecatlon 
P 

<« ^blUti£f_the_S£a£±a^e_£ä£i!!& Wl.rm,np 

In order to tost Chang's lllfereI,ce that thera was 

a„g. or ro^stn.ot.00 of space charge durl„g the ^r-op pjes   ." 

the ahove-descrihea e^erlM„t „as repeated a oo^er of tlnes „Uh    If.ereot 

«unt. of hfgh-vouago stressing and .Ith deferent f.eXd-pXste TOlta es 

oth posuive and negatUe. appUed daring the „ar^up period.    A      ^ 

.pie „as need each ti..     H there „ere a change or redistrihntion of 

pace charge during the process of „araing „p.   the finai C-V shift shonid 

pend on the .gnitnde and poiarit, of the hias appUed daring „arj 
Th    results of this experiment are sho™ in Pig. 4.2( where „      J ^ 

voit hift of the ic-te^perature (n'K,  C-V curve resuitin^fro» the 

XrZlT^ ^ "^ l9 the VOlta8e '"" " ^ «^ -P"itance af er . rmln8 up t0 roOK „^^    ^ , 

magnitude or polarity of the  Moi,» „i   .. , LT      0 ^e 
that very litt,.    „ "»""P^te voltage during wsreHup. „e conclude 

very little change or redistribution of stored charge has taken place. 



■ ':'r-- 

', 

-  33  - 

i i t                   1 

> 
I 

o 
H  w 

O    60 
d 

CO    T-t 
u  u 
a o 
3 "O 

!•» 

X!  C a 
ai  co  (u a 

M a) 
(U    (U 

•u oo u-i to 
(0  nj MH a) 
M   4J ^ ■ 
(U rH  -a tfl a. o 

3 

a) 

R > 
a) 
I   X! 
>   Ö 
o 
H  T3 

M  H 0   p 
M    > 

S > H 
a) nj <  a. 

x: I 
•U     «     « 73 

H (U H 

O  >    3 ^ 

4-1 

co 

< iJ 
CO 
U     U 

a. a) 
B   M 

M   (U   0) 
0)    -U     -U   14H 
bo n)       M-i 
id  a)  B i-i 
4J     (.1 T3 

P W T) 
>   T) § 
CU    0) CO 

J3  -rl CO      • 
■U iw 4) 03  13 

' U 0) i 

OJ    W  (Q   4J 
0)  -rj CO   <u a 
4J OH) 
a) M co bo a. 
,o  a)  a. n)   ~ 

CO    4J 
O 

a- > 
4J    01    CO     I 
co   >   öOxl 
H   w  T3   00 OJ 

a 4-i 
o   cO 

•rl 

I 
i 

CM » 

00 
•H 
fa 



- 34 - 

(C) Continued Generation of Interface States After Warmup 

As we have already observed, the application of a sufficiently 

large positive voltage to the field plate of an MOS structure results in 

both the storage of positive charge in the oxide and the generation of 

interface states; however, if the high field is applied at liquid nitrogen 

temperature, the positive charge appears immediately but the interface 

states do not make their appearance until the sample has been warmed up 

to approximately room temperature. Additional experiments, now to be 

descibed, show that the production of interface states, once it is 

initiated by the high field, continuas to proceed for many hours at room 

temp rature. 

The experimental results are shown in Figs. 4.3 - 4.9. Curve 

1 ■:.   Fig. 4.3 is the original C-V characteristic. This curve is almost 

ideal in shape and shows very few interface states. Curve 2 was obtained 

at 91CK by sweeping from accumulation into deep depletion at the rate of 

-1 V/sec. This curve is also normal in shape. Curve 3 is the 910K 

"light-assisted" curve obtained by biasing into deep depletion, then 

temporarily flooding with light to generate holes and bring the sample 

into inversion, and finally sweeping the gate voltage toward accumulation 

at the rate of 1 V/sec.  At first the capacitance remains alnost constant 

at a value slightly higher than the thermal-equilibrium inversion value 

because of the presence of excess holes near the interface. These holes 

gradually leave the interface and move into the bulk as the gate voltage 

sweeps in the positive direction, and the capacitance begins its normal 

increase when no more holes remain. The exact value of capacitance in this 

approximately horizontal region depends on the rate of voltage sweep. 

After the foregoing curves had been taken, the sample was held 

at a temperature of 910K and was voltage-stressed with the field plate 

positive. Since this operation places the sample near its breakdown 

point, the stressing was done with great care. A voltage of 189 V was 

applied for 1 min, and when this was observed to result in only a moderate 
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shown in Fig. 4.9 (p. 44). The discrepancy between the upper parts of 

the curves is caused by interface states which are present in Curve 7 and 

not present in Curve 4 and which are high enough in the gap to emit their 

electrons into the silicon conduction band even at 910K. Electrons in 

deeper states are frozen-in and merely provide a fixed negative charge 

which partially compensates the positive charge stored in the oxide. 

Curve 8 of Fig. 4.5 is a light-assisted C-V characteristic in which 

temporary flooding of the interface with holes resulted in the neutraliza- 

tion of the negative charge in the acceptor-like interface states. As the 

gate voltage is swept in the positive direction, the electron concentra- 

tion at the interface begins to rise, with the result that electrons are 

captured by the interface statee. The buildup of negative charge at the 

interface produces the ledge observed in Curve 8, above waich Curve 8 

follows Curve 7. Taken together, the results shown in Figs. 4.3 - 4.5 

indicate (a) that the high-field treatment at 910K resulted in positive 

charge storage in the oxide but no Immediate generation of interface 

states, and (b) that interface stetes of the acceptor type were generated 

as the sample was warmed toward rxim temperature. 

The interface states continued to be generated over a long 

period cf time without further high-field stressing. After the sample 

had warned up to room temperature, a wait of 10 hours resulted in Curve 9 

of Fig. 4.6. Upon cooling to 9l0K, Curve 10 (Fig. 4 7) and Curve 11 

(Fig. 4.8) resulted, indicating an increase in the number of acceptor- 

type interface states. Warming up to room temperature followed by a 20-hr 

wait produced Curves 12, 13,and 14, and similarly, an additional 69-hr 

wait at room temperature resulted in Curves 15, 16, and 17. It should be 

emphasized that the temperature cycling was not the cause of the 

generation of interface states, for we have repeatedly temperature-cycled 

unstressed samples between these two temperature limits and have obtained 

only cha-acteristics like Curves 1, 2, and 3 of Fig. 4.3. 
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4.4.  Conclusions   9 
We find, in confirmaLion of Yang's observations,  that high-field 

stressing (^ 7.5 x 106 V/cm) of an MOS structure with field plate positive 

results in the buildup of positive charge in the oxide. The positive 

charge is apparently that of trapped holes near the Si-SiO,, interface. 

It is known that the current which flows through the oxide under these 

conditions consists of electrons which are injected into the oxide by 

Fowler-Noidheim tunneling from the silicon substrate, and the source of 

the holes is believed to be impact ionization in the oxide caused by a 

small fraction of the transiting electrons which gain sufficient energy 

in the high field to produce hole-electron pairs by lattice ionization 

(Sec. 2.2). It is also known that high-field stressing at room temper- 

ature produces interface states, and it has often been assumed that there 

is a one-to-one correspondence between the positive charging and the 

interface states. 
22 

We have confirmed Chang's observation " that if the high-field 

stressing is carried out at liquid nitrogen temperature, the positive 

charging of the oxide appears immediately but the interface states do 

not make their appearance until the sample has been warmed toward room 

temperature. This removes the one-to-one correspondence between the 

positive charge and the interface states but does not necessarily deny a 

connection between them. 

We have studied the above phenomena more carefully. First, 

there is the question whether the positive charge storage remains stable 

as the sample is warmed to room temperature. Our results indicate that it 

is indeed stable. An Interesting by-product of this result is that the 

holes which were created by the high-field treatment were transported 

throueh the oxide by the high field and were not immobile as has been 
42-44 

found with smaller fields at liquid-nitrogen ^«mperature.      Secondly, 

we find that interface states of the acceptor type continue to be 

generated at room temperature for many hours after the high-field treat- 

ment . 
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5-   t&rllEULi^^ mm 

(0. Bar-Gadda collaborating) 

It has been reported by Osburn and Weinman41 and bv Y.n.9.^ 
that a slow inst-ah-M •».- y Yan8 

Instability appears on the application of a large (>  8 MV/ . 

field across a tnetaJ-SiO^-Si capacitor.  T^e instabilit 
polarities of appiied bJL  a . instability occurs for both 

u.« nitrogen temperature. and ac ; e rt:7 "rL'"'and 

sketchy, and It „as „„r „v,  , Instability have been rather y. our obJe<:tlve t0 stu(ly the 

-Ckui.» reaponaible for It, »re carefully 

-«»ta.::::::::: "IT? 
My be observed in ^—by 

Uelda. or by   oL    I ' Ch"a""l9"c f" «««" applied 
by comparing the currant-voltage (I-V)   charactarlatlcs  (a, 

taken quickly and  (b)   in the steady state    i» .. . "tics  (a) 

* U« perform both types of a, erll^s      r^r^ MStS- 
laboratories „as done by D. Y. Yang,"   !  '   '" •"" 
studies. 

9.17 
and we have  continued  these 

Figure 5.1 is a Fowler-Nordheimpiot  for an Al-SiO    »     . having a 2500-A waf n  <J . 0 £  an AI  bio -Si  structure 
"S a tovu A wet  oxide and a lOOO-A  AT   M-.tj    , 

J.UUU-A **  'leid plate.     THP  -^n^t-^,■^ 
was „eaaured over a period of several hours afta    fir t Zsi        I 
at a field of . 6 mcm ,„ about        h ™' ""' ""*•« "- -«pXe 

appro^taly a day later.    The field Ust    el    1 IZ ""  "^ 

value for about an hour and then Incre.n ^      t™ " ' SUe'' 

Process la coveted,   the field Is decrej ted Zl        ^"^"^ 
state current Is cenpared to tb ^"^"^ ** ^tsps, and the steady- 

-rlng the Incra.ntT        r    a      J' : '^ "  ^ ^ "'^ ^ 
aro  < Process  to assure reproducibility.     The curves 

e in goo    agreement „Ith thoae »aaurad by Yang and others      ProTI 

^ope of the line „a detaradna the affective mas  for alectr n In a 
froa, the SI to be m    - 0 4 .      fa,  „,„,, slectron Injection 
,       , V  ln 8c>od agreement „1th previous der.r 

^nations.    We should Mntion.  however,   that this  techni.ue        no 

precise way of deterndning / or even the I V ^ 
even the I-V curve.     This is apparent  from 



Fig. 5.1, where it is seen that the magnitude of the current is very 

dependent on the previous history of the sample, i.e., how long the 

capacitor has been under high field stress. The reason for this is that 

the creation of interface states under high-field stressing reduces the 

current. Thus, under high field stress the current never reaches a true 

steady state, since the interface states are being continually formed. 

Nevertheless, for a short period of time the current relaxes to a value 

which would remain constant if no additional interface states were being 

created. To this extent one can measure an approximata steady state 

1-V curve for a fixed interface state distribution. The fact that the two 

curves shown give about the same slope (effective mass) which agrees with 

literature values indicates that the above assumptions are probably 

valid.  If this is true, then it may explain the order-of-magnitude dis- 

crepancies in current measured by different people. 

It can also be seen from Fig. 5.1 that at higher fields, the 

I-V curve seems to deviate upward from the Fowler-Nordheim straight line. 

This occurs for fields high enough to produce the current instability, in 

this case E ^ 7.4 MV/cm. This easier to see in the I-t curves of Fig. 5.2. 

These curves were obtained by incrementing from 192 V to 195 V. For 

192 V and 193 V there is an initial transient increase followed by a dec^y 

to steady state. For 194 V the maximum value of the transient is the 

steady state current. Above 194 V there is no steady state current, and 

the current builds up until destructive breakdown occurs. 

An attempt was made to measure the I-V curve on a p-type sample 

also biased in accumulation to approximately 7.5 MV/cm. Here, no steady 

state current was observed. Instead, the current continually decreased. 

The C-V curve was measured initially and at the end of the experiment, 

some four days later. The result is shown on Fig. 5.3. The final curve 

shows distortion due to creation of interface states, and possibly a 

storage of positive charge in the oxide. A subsequent C-V curve taken 

four hours later shows that the voltage shift had been reduced slightly 
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Flg. 5.2. High-fi§ld I-t characteristics.  Oxide thickness 
- 2500 A. Area of field plate - 1.3 x lO-2 cm2. 
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Effect of negative bias strcssljig. 

Si M^l  d'aysTtT.S MV/c. field plate negative. 
3 ^laxatlon'af^r 4 additional hours during 

which sample was open circuited. 
Field plate area - 1.3 x 10-2 c^. 
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in magnitude. This effect has been observed by others and is generally 

referred to as the negative bias Instability. Further investigation is 

planned. 

The above results were obtained at room temperature in air. 

The sample was maunted on a gold-plated brass block and held down by a 

rough vacuum pressure. Dry nitrogen was used to continually flush the 

sample clean and dry. The probe was tungsten plated steel, and the probe 

preasui'. could be adjusted by a micromanipulator. The entire stage was 

mounted on ar aluminum chassis, and several steel blocks were enclosed 

in the chassis to provide shock absorption. 

Additional experimental apparatus has been constructed or is 

under construction. An electronic circuit was designed and built to 

protect the MOS capacitor from breaking down under high field stress. 

This will be used when it is desired to study high-field characteristics 

without breaking down the sample. Basically, it consists of an operational 

amplifier which senses the current through the MOS capacitor and triggers 

a relay whenever this current exceeds a preset level. The relay open- 

circuits the MOS capacitor, thus preventing breakdown. 

Another project currently underway is the construction of a 

sample holder with a heater capable of raising the sample temperature 

to > 4000C. Electronic circuitry will be designed and built to generate 

a temperature ramp, so that thermally-otimulated current measurements 

may be made. This will be used to investigate the nature of the hole 

traps in SiO . We also wish to go to low temperatures (between liquid 

N and room temperature) continuously and discretely so as to be able to 

investigate the high field current instability in this region of temper- 

ature, 



- 51 

i-cman and D.  Gutenran collaborating) 

The existence of lateral nonunlfonnlties in the .eta- 
insulator-semiconductor  (MIS)  structure is of 

developed »thods for utUuL    h T        ^^    "* ^ uu-Lxizing  the scanning eler^r^.r,  «4- 
the internal 8tructure3 of „3 J ele"r " ^"""»Pe  to l^age 

»icroS(:ope la u.ed to InH t"e el,ä"r0n 
H=  x.0  u.ea to induce a current wl(-Mn   H,Q  „ 

for.ed by the  vai.lations  in   .. Withln  the S^.  «d  -  i.age  is 

in a raster over the s    / "l^^r^00 beam ^^^ sner over the surface of the sample.13'14'18    «. u 

electron-beam induced current   (EBIC)   ^    H . "'^ ^ 
MOS structures utili  i ^ ^^ With —ntional 

oxides an ; r::a jcon dioxide in8uiator; h— *— 
examined.  ^«0 IT  ' "^ ^^  ^  ^ ^ b- ^o type, of structures, namely stacking faulto and >-on 

aggregates, have been extensi.ely studied in MOS eapacitc T 
have been developed to explain H   u -apacitc. . and mod.'s 

F " to explain the observed imag^s 

. «.r..::rr::rLt-r.;: z :r.:r.r ";::r ■• 
secondary-emission mode  IteA.. w u P'   l ln 

' Under hi&  -nagnification the dots c 
-solved into lines approximately 2-5 y long x 0.5 y ^ , 

shows an exa^le of this structure.  ^ sample con / V ^f * ^ 
lfi-cm boron doned> with . 350n ?  ^     Pie C0n8"  ' d of P'^Pe Si, 

at 900»C. After xid    T '""^ «^ ^ the (10^ ^^-e 
After oxide gvowth the sample was annealed in He at i050V fn 

15 minutes and in H at 500or for !«; . for 

that th. M      2 nUteS• A 8i8nificant feature I, 
**t th lines are oriented in either the fnoj or flloj directions 

^s orientation is characteristic of staging faults o the  00 ^a 
of ne diamond lattice. ( ^ face 

In order to further determine the nature of the contrast 
observed at these structures li„e . contrast 

Lruv-cures, line scans were performed  In *-ha  n 
mode, information is display^ on the CRT ^  ! . Une-scan 

rather than intensity «, ulatic n  A " ^ '" 

the peak-to-peak hei^t r^«^"" 1 ^^ " ^^ ^ 
structure current measured at the substrate. 
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The contrast dependence of the structures was measured as a function of 

beam energy, beam current, gate bias and scan speed. 

In general, a scan across the fault produces a structure 

current that is approximately a differential gaussian. The structures 

are not visible for beam energies below that required to completely 

penetrate the gate and the oxide. Above that value the contrast rises 

very rapidly with beam voltage for a few keV .nd then saturates. 

The gate-bias dependence is shown in Fig. 6.2 for both 

p-substrate and n-substrate capacitors. The structures were visible only 

for positive (> 0 V.) bias in the p-sample and negative (< -15 V.) bias 

in the n-sample. This seems to imply that depletion is required for 

visibility in the former, while strong inversion is required for the latter 

However, local oxide charging created during ehe line scan can dominate 

the state o^ the substrate.  In the case of the p-sample with the gate 

biased slightly positive, holes became trapped at the Si/SiO interface 

tending to further deplete the substrate. In the n-sample with negative 

gate bias, holes became trapped at the gate/SiO,, Interface. These have 

little effect on the substrate other than tending to accumular.e it slightly 

requiring additional negative bias to maintain inveraion  Further, when 

the bias is suddenly switched, time is required for the contrast to 

build up or decay, implying that oxide charging/discharging is important. 

It therefore, appears that oxide charging does affect contrast, and 

that the structure is only revealed fully when the substrate is in 

inversion. 

Contrast was found to increase linearly with beam current up to 

beam currents of %  100 PA. beyond which it tended to saturate.  Image 

distortion also occurred at high beam currents due to spreading of the 

incident beam. 

The dependence of the structure on scan apeed is shown in Fig, 

6.3. For low speeds the peak-to-peak current scales with the scan speed 

Therefore, the time integral of the current is constant, i.e.. the net 

flow of charge through the sample is independent of scan speed. At 
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Fig^.la.  Electron beam 
oriented "SF" induced images of 
;„; 7       structure in sample STS 
Imaging conditions: 35.^.v  T ! fH 

35.9KeV.   V    = 15V.  MxSOOO. 

Fig.6,lb.   Beam induced .M.rr«r,^  i 
ST19.  taken after ion drift  ^    S** 0f Sample 

bias  thermal  .tr...SÄ for l5 1,^ Substrate.   and 
«OV.   Image  reveals a Urge    hiS;   "   300OC'   V8 " 
structure with a bisectinf i'i     8 u7 contl-asted8IA 
«cans had been perforLd 

ShOWln8 Where  li*» 
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higher scan speeds (> 10"2 cm/sec) the structure becomes distorted, 

indicating that the beam speed exceeds the time required for the beam- 

induced carriers to respond. Finally, opposite current polarities are 

observed in the two samples. In the case of the p-sample there is an 

initial flow of electrons out of the substrate to ground, and the flow 

reverses as the beam leaves the structure. For the n-sample the opposite 

occurs. 
A nodel has been developed for the stacking-fault contrast 

„.echanism. The current detected is a displacement current resulting 

from modulation of the depletion-layer capacitance. The adulation is 

caused by hole-electron pairs produced in the silicon by the incident 

beam. _     t*-— 
A one-dimensional analysis has been made of the surface voltage 

and depletion-layer capacitance and charge in au MOS structure with constant 

applied voltage under electron illumination. The model assumes a gaussian 

incident beam of very penetrating electrons uoving across the pUne of 

the interface. The resulting displacement current is given by 
2   2   2 

C vl r f" -[(x-vt) + y ]/2a 
Äl(x- vt) e d^y    ^-^ Kt) - -H 

2lTßO MOO  * —»CD 

where c is tk. oxide capacitance, v Is tha baa» velocity (la the x-dlrectlon). 

6 is kT/q I is the current In the Incident bea., o Is the width of 

the IncldenAea». g Is the pair generation per Incident electron per 

«1. length, t is the llfetl« of excess carriers In the suhstr.te. an 

1 t, a rather educated function of the substrate carrier concentrations 

which, however, tends to a constant In both accusation and Inversion. 

Hute that If 8. t snd d are Independent of position, the Integral Is zero. 

If the stacking fault Is represented ss a step In gt/d of 

.ldth « end Mm HH'*! *Z ' b,Ckgt°imd 0£ 80T0/d°' ln"8r8tl°,1 ^ 
Eq. (7.1) provides the result 
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(6.2) 
This expression Includes  the essentl«! 

(1)  structure current proportlo„al u ^ ^^ 

.tnKtur. current pr„portlonal to scan spee      • 
U)   structure current much greater In  ( . 

rs.ee d(lnVerslon) „ :(ZJ:Z: 
thm ^^ 

Also,  if We as8unie  that lifeti . 

less  than .n the Surro„ndin88  (t     ^Z      '    l6810" ^ ^ '•"1' «' «* 

sssentlauy constant (g    J g    7 I dV    nd ""^ the 0th« '«»~ are 

P-type and d < 0  for n-type  ^  ° I1' " " ^ "-' d  > <)  ^" 
tor n type,  then the current polarities .„ M.    K 

crosses  the  fault agree with  th. „■, »ritles as  the beam 
sree with the observed line scans 

*. e.erii:::::::::: t r:21 r ^ri-u—^ *■■ -• 
300 I Al gate. ^ bee ene 8  a" ""T: ^ Wlth ^ ^ ^ "" 
We estlasted o - 5000 I    b.sT ^ CUrrent "" U  »*• 
- bee. scan J^'^^^^l  ^ - » " -0 I, 
at the peak f urrent. The curve8 ^ere normalUed 

Til- 

The agreement of thp ahanar,     c    . 

Unfortunately.  If reasonable        , "^ l8  '«» ^d- y.        reasonable estimates are made for e «nJ 
amplitudes  do not agree well     »a,  «. , 8 and t,  the 

than the observed current       L      ^ ,' ' CUrrent  ^ ^h SM"« 

One is low-level In^^   ZTTT' ^ "^ ""**» 

*» * « to he much'les    thl; ^ b:T
ty " ,,alr8  ge■'e""•, ^ "" 

.rlth^tlcslly.  this turns out JZ t^^^ 

high-level Injection has also been done    and Tl ' '" 

putative agree^nt discussed LZ   Zl    T 1 ^ ^ 

structure Is one dimensional    It as ^ ^ ^ *• 
-slonal. It assumes a steady state situation, and 
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.Snore, o^ charging. Unfortunately> t 

model, such as lifetime. 

ion-aggregation structure is seen only after extended bias- 
thermal stressing fBTS)  rhi* *    u J «-«naea oias- 

ng (BTS). This technique consists of heating an MOS 
capacitor to between 150oC and 300oC wlrh . K*  «. 

«na JUU c with a bias between +50 and -sn v 

the bias  a- .t , "icertace, depending on the polarity of 

:: loiriz:abiy-but they - - —^—-— 
.one .    K   Fl8Ure 6'lb 8h°W8 " EBIC riMm °f ' S^le «"=* -es „nder- «one such . treatnle a, „^ wa8 

gro™ oxide and 130 A Au gate      n» M  . "" 
,. 8a,:e-    ™ P^ture was taken et 5 kv end 1 nA 
The aversge Ion concentration was 4 „ in13/    2      ^ v ana 1 nA. 
ere  1_*   .  , /<:m  '    ** l»M of structure 

= "—.  "-ich in this case my be due either to res.dL 
P llshing damge or to  residual o^de reining ,„. an o^de grovth- 

o p:::r:hVy?- T~ the at~ - °"iy "•* --- -»- 
a    t      ed, I r"1"" 18 -^^ *-  - 8— —"on 

t edges,     me second type of structure consists of Isrge cone-like 
features such as  the one at hotto« center of Pig    „ lb      JL 

he due to sodlun, Ions aggregating aro, „H       ! / ""r " 888 atound > dafect eltbj]- In the metal 
"1« or in the anhstrste.    These structures becaM visible at      b"! 

«r* .ust sufficient to penetrate eh. „.de. and the contrast eased 

11riTiTmui the ra"ee of the euctrMs «c— ^ ^ - strata, „ben It saturated. »„ dependence on scan spaed «. noted. 
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Line scans were also performed on these structures over a 

range of gate biases.  Both the background and structure currents were 

ohmlc, and the direction of the currents was consistent with the model of 

beam-induced cenductivity. According to this model the collected current 

is due to pairs generated in the oxide which separate in the oxide field 

and move to the gate, or substrate.  In silicon dioxide we assume the 

current from the holes to be negligible. The electrons drift and are 

collected according to the shubweg model of Mott and Gumey, in which 

the electrons move a constant distance in a given field before being 

deeply trapped or recombined. The sheet of sodium ions at the interface 

forms a dipole layer which lowers the field across the oxide.  This 

affects the nunber of electrons being collected. The more concentrated 

the sodium, the more pronounced this effect becomes. 

For very low beam energies, insufficient to penetrate the gate, 

a reversal of contrast was observed when the ions were drifted to the gate. 

In this case, the collected current was due to electrons emitted from 

the metal into the oxide and increased with increasing sodium concentra- 

tion. 

Effects were observed which seemed to indicate that the sodium 

ions act differently at the silicon interface than at the metal interface. 

Also there were definite changes in the behavior of the sodium after 

irradiation. These phenomena are not thoroughly understood, but since 

technological interest is shifting away from sodium due to improved 

processing cleanliness we will not pursue this topic further in our 

future work. 
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